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Abstract

In this work, B-tricalcium phosphate (B-TCP) is doped with Mg?* and Sr?* in order to
postpone the problematic B-TCP — a-TCP transition occurring from 1125°C. Indeed, this
phase transition occurs with a large lattice expansion during sintering causing microcracks
and a reduced shrinkage leading to poor mechanical properties of ceramic parts. The
substitution of calcium by cations like Mg?* and Sr?* allows to increase the temperature
corresponding to B—a-TCP transition and therefore to increase the sintering temperature and
achieve higher densification level. Three doping rates for each dopant individually (2.25, 4.50
and 9.00 mol%) and two co-doped compositions (2.00 mol% and 4.00 mol% of Mg?* and Sr?*
simultaneously) were tested. Thermal and dilatometric analyses were used to evaluate the
effects of Mg?* and Sr?* doping on the thermal stability of B-TCP. It has been shown that alll
doping, except the 2.25 mol% Sr-TCP, postpone the B—a transition. These results were
confirmed after conventional and microwave sintering. Indeed, X-ray diffraction analyses of
sintered pellets showed that the only phase present is B-TCP up to 1300 °C in all
compositions except for the 2.25 mol% Sr-TCP with both sintering ways. Moreover, a higher
densification rate is observed with the presence of dopants compared to undoped B-TCP
according to the microstructures and relative densities close to 100%. Finally, the duration of
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microwave sintering is almost sixteen times shorter compared to conventional sintering
allowing rapid densification with similar final relative densities and microstructures with finer

grains.

Keywords : B-TCP; Doping; Magnesium; Strontium; Coprecipitation synthesis;

Microwave sintering; Bioceramics

1. Introduction

Calcium phosphate (CaP) ceramics are widely studied and used as raw materials for
bone repair applications like bone cements, osteoconductive coatings on metal prostheses or
porous scaffolds [1—6]. Their chemical similarity to native mineral part of bone gives them
excellent biocompatibility and osteoconduction properties. Indeed, they can conduct bone
regrowth and facilitate cell proliferation and differentiation into osteoblasts. Moreover, CaPs
are safe, easily and inexpensively produced and can be certified for clinical use [7].

Among CaPs, B-tricalcium phosphate (B-TCP, B-Cas(POs)2) is one of the most
attractive biomaterials for bone repair due to its interesting biological properties. Owing to its
high resorption rate in human body, it is foreseen to be used as temporary support for natural
tissue colonization in surgical and dental applications. Typically, B-TCP bone substitutes are
suitable to heal bone defects and fill bone voids generated by surgeries or diseases. After
implantation, B-TCP is gradually resorbed and replaced by newly formed bone within 6 to 24
months [4,8—12]. This bioresorption makes B-TCP particularly interesting compared to other
calcium phosphate like hydroxyapatite Caio(POa4)s(OH)2 (HA). Indeed, the lack of degradation
of HA bone substitutes can lead to bone deformities and a risk of bone fracture around the
implant [5].

B-TCP is already used to produce powders, granules, dense blocks, injectable
formulations or self-setting cements for bone filling. In addition, porous scaffolds seem very
promising because their structures allow cells and extracellular matrices interaction while
providing the mechanical support for growing cells and tissue. Indeed, the presence of
porosity provides higher surface area improving interactions between the implant and the
biological environment [4,13]. Nevertheless, there are still some issues for B-TCP
macroporous scaffolds fabrication. In fact, B-TCP cannot be used as scaffolds in large bone
defects or in load-bearing areas due to its weak mechanical properties, especially brittleness
and hardness [14—20]. The major drawback in the manufacturing of these scaffolds is the
difficulty to densify the B-TCP at high temperatures. Indeed, the tricalcium phosphate
presents an allotropic phase transition from the rhomboedric § phase to the monoclinic a-
TCP from 1125 °C [5,21,22]. The temperature of this transition highly depends on the purity
of the powder as well as the preparation conditions and can vary over a very broad range of
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temperature (from 1120 °C to 1200 °C) in the presence of elemental impurities [14,20,23].
The phase transition occurs with a large lattice expansion (about 7%) during sintering
causing microcracks and a reduced shrinkage [14,23—-26]. In addition to these physical
issues, the B—a transition also generates an increase of the solubility in biological media
leading to a too fast and uncontrolled resorption of the TCP bone substitute [27,28]

Currently, two solutions are considered and studied to reach high densification (>99%
relative density) of B-TCP parts. The first option is the possibility to introduce sintering
additives like hydroxyapatite [20] or dopants [29,30] in the B-TCP structure to increase its
thermal stability allowing a higher temperature treatment [31-34]. In addition, dopants have
been proven to increase the sintered relative density up to 5% [35] and enhance the
compressive strength [32,35]. There are many examples of studies using dopants, mostly
cations like Mg?*, Sr?*, Cu?*, Si**, Zn?, or Ag*, incorporated inside the B-TCP structure
[9,14,23,31-33,36-50]. Most of the time, doping aims to improve biological properties like
osteoconductive or antibacterial behaviour. However, dopants can also bring a beneficial
effect on the B phase stability. These dopants are able to substitute the Ca?* into the B-TCP
lattice and change the strength of chemical bonds and lattice parameters [23,49,51]. For
some Ca-substitutional ions like magnesium or strontium, it leads to the B—a transition
postponement upon heating, thus increasing the B phase stability field [14,23,24,31,33] and
the TCP sinterability. Indeed, in addition to stabilizing the beta phase, higher densification
can occur in the presence of dopants like strontium due to an increase of ion diffusion during
sintering [52].

The second solution for an improved densification of B-TCP could be the use of
alternative densification processes like Spark Plasma Sintering (SPS) [53], hot pressing [54]
or microwave sintering [32,55-57]. According to Champion [22], the use of pressure-assisted
sintering can lead to full densification (>99%) of B-TCP without additives at a temperature
below the B-TCP — a-TCP transition and its issues. Field assisted sintering like microwave
sintering can be employed to densify faster the material as well as obtain controlled and finer
microstructures leading to higher mechanical properties [32,55-57]. Moreover, several recent
researches tend to combine additive manufacturing techniques with rapid sintering
processes in order to quickly produce ceramic bone substitutes scaffolds [55,57,58]. Indeed,
the on-demand bone scaffold fabrication for patient bone surgeries is limited by the long and
complex sintering processes needed to consolidate the scaffolds [57]. The sintering becomes
the time-limiting step losing the benefits of some fast additive manufacturing methods.

As the field of application, in which this work fits, concerns the production of macroporous
scaffolds with complex shapes as well as fine and dense walls for which pressureless

sintering is more suitable. For this reason, the combination of sintering additives like dopants and
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microwave sintering could be a strong tool to manufacture dense customized biomaterials in
a few hours. In addition to that, volumetric heating via microwave radiation ensures uniform
heating with almost no thermal gradient. This allows higher heating rates, reduces the
processing time, and enables limited grain growth [55,56]. The control of the grain size can
be interesting due to its well-known influence on the mechanical properties. Indeed, smaller
grain size generally leads to improved fracture toughness and hardness [18,53,59—-61]

Despite its benefits, microwave sintering devices usually does not allow a very precise
control of the temperature using most of the time pyrometers to get the sample surface
temperature [56,58,62]. This lack of temperature control can be critical with B-TCP and its
phase transition to a-TCP at quite low temperature. In addition to that, the direct interaction
of microwaves with the sample and the sudden variation in dielectric losses can lead to
thermal runaway [63].

In this context, this work aims to produce doped B-TCP powders with improved thermal
stability allowing higher sintering temperature and therefore higher level of densification.
Doped B-TCP powders were produced by aqueous precipitation to optimize reagent-mixing
and avoid solid route issues. Indeed, solid route synthesis involves a difficult control of the
reagents mixing and the completeness of the reaction between them can lead to a variability
in the composition of the final powder [2]. In parallel to doped powders characterizations,
conventional and microwave sintering (MW) were tested at temperatures under and above
the usual phase transition temperature of B-TCP to assess their thermal behaviour during
densification. The two sintering processes are compared in terms of phase composition,
densification and microstructure. In order to do that, doped powders were shaped after the
synthesis by mold casting and then sintered.

Magnesium and strontium were chosen for this study where several doping rates of
each dopant were tested as well as co-doping to combine benefits of both cations. On one
hand, magnesium is known to have an essential role in human physiology and to improve the
biocompatibility of implants [24]. Then, it presents the most valuable results in terms of B-
TCP stabilization [23,24,32]. On the other hand, strontium can enhance bone regeneration in
synthetic bone grafts and is used for treatment of osteoporosis [32,33]. Moreover, Tarafder et
al. [32] have shown that the addition of SrO and MgO dopants in TCP results in smaller grain
size, increased density and pore size reduction that could be beneficial for the mechanical
properties of sintered parts. To author’s knowledge, only Bose et al. [31,32,47,64] and
Kannan et al. [65] studied the combination of these two cations. These works showed a
good potential from a mechanical and biological point of view for Mg-Sr co-doped TCP.
Indeed, the presence of SrO and MgO in TCP on early wound healing was clearly exhibited
by increased osteoid and bone formation as compared with undoped TCP. They also
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revealed faster bone formation in rats with doped B-TCP implant compared to rats with pure
B-TCP implant.

Bose et al. [31,32,47,66] studied the doping of TCP by solid route synthesis from a
commercial B-TCP powder. So, there is a lack of knowledge concerning the doping by
aqueous precipitation which could be very interesting to tailor the powder properties in
function of the desired application. Moreover, the effect of dopants on the thermal stability
was not deeply assessed. Kannan et al. [65] did study the Mg?* and Sr?* doping of TCP by
aqueous precipitation from a structural point of view with the help of Rietveld refinement.
However, there is still a lack of knowledge about the thermal behaviour of such doping and
the influence on the sintering of such co-doped compositions. Finally, the use of microwave
heating is a very promising fast sintering process for potential implant ceramics. The capacity
of densification with limitation of grain growth as well as unified linear and volumetric
shrinkage can improve mechanical strength of bioceramics and extend their applications
[32,67]. Few researches have studied the combination of doping and microwave sintering
with B-TCP as well as CaP in general [32,52,67-69].

That is why, the main purpose of this article is to study deeper the effect of Mg and Sr
doping on the thermal stability and both conventional and microwave sintering of TCP.
Thermal analysis and dilatometry are a strong tool to characterize these as showed by
Frasnelli et al. [14] and Enderle et al. [23]. The use of these techniques as well as physico-
chemical characterizations allow a complete study of the TCP doping by Sr and Mg.

In order to reach this objective, three doping amounts were tested for each dopant
individually (2.25, 4.50 and 9.00 mol%). These doping amounts were chosen according to
the works of Enderle et al. [23] and Frasnelli et al. [14] on the influence of Mg?* doping in
Cas(POs)2. These authors showed that the maximum thermal stability of Mg-TCP is reached
with a doping amount of 9.1 mol%. The two other doping amounts, 2.25 and 4.50 mol%,
were chosen to have a complete comparison of the dopant amount. The same strategy was
applied for the Sr?* doping to study the effect of the dopant nature on B-TCP properties.
Indeed, it is already known that strontium has a smaller effect on the B-TCP stabilization but,
to authors knowledge, there is no clear comparison available between these two dopants for
the same doping amounts [32,33,70,71]. Moreover, two co-doped compositions were also
studied: 2.00 and 4.00 mol% of both dopants simultaneously to combine benefits of Mg?* and
Sr3+,
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2. Experimental

2.1. Doped 8-TCP powder synthesis

B-TCP powders were produced in two main steps: i) the synthesis of an apatitic
tricalcium phosphate, Cag(HPO4)(PO4)sOH which is the precursor of B-TCP and is prepared
by aqueous precipitation technique using a diammonium phosphate solution (NH4)>HPO4
(98.0-102.0%,Carlo Erba, France) and a calcium nitrate solution Ca(NQOz3)2.4H-O (> 98.0%,
Honeywell, Germany) inside a double-wall reactor. Typically, the diammonium phosphate
solution was added to the calcium nitrate solution by controlling addition speed, pH and
temperature. The mixture pH was adjusted to a constant value of 6.7 by a continuous
addition of ammonium hydroxide while temperature was fixed to 31 °C. The apatitic
tricalcium phosphate precipitate was extracted, filtered and dried after a ripening time of 20
h. After drying, a further calcination (850 °C, 3 h) was needed to remove residual reaction by-
products like ammonium nitrate, to induce a decrease of the specific surface of the raw
powder and mainly to transform the amorphous apatitic precursor into the final, stable and
crystallized B-TCP [2,20,72]. These synthesis steps are reported in the following equations
(1) and (2):

31°C
(1) 9 Ca(NO3)2+6 (NH4):HPO4+6 NH4OH — Cag(HPO4)(P04)s(OH)+18 NH4NO3+5 H20

>700°C
(2) Ca9o(HPO4)(P0O4)s(OH) —— 3 Caz (P0O4)2+H20

Doped B-TCP powders were produced by adding magnesium and/or strontium cations
as nitrates, Mg(NOs)> (98.0-102.0%, MW 256.41, Alfa Aesar, Germany) and Sr(NOgs)2 (>
99%, MW 211.63, Carlo Erba, France), into the calcium nitrate solution. The stoichiometric
amount of calcium was reduced to allow dopant substitutions but the ratio (Ca+dopant)/P
was kept at 1.5 corresponding to stoichiometric 3-TCP. Indeed, the objective is to synthesize
pure doped B-TCP powders without any other CaP phases like hydroxyapatite
(Ca1o(PO4)s(OH)2, HA) or calcium pyrophosphate (Ca:P.0;, CPP). The synthesis of Mg-
doped B-TCP is reported as example in the following equations (3) and (4):

31°C
(3) 9-x Ca(NO3)z + 6 (NH4)2HPO4 + 6 NH4OH + x Mg(N0O3)2 — CaoxMgx(HPO4)(P04)s(OH)+18 NH4NO3 + 5 H20

o

> 700°C
(4) CagxMgx(HPO4) (P0O4)s(OH) —— 3 (Cas-(x/3)Mgx/3) (P04)2 + H20

Three doping amounts were tested for each dopant individually (2.25, 4.50 and 9.00
mol%) and two co-doped compositions (2.00 and 4.00 mol% of both dopants

simultaneously).
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2.2. Shaping of doped 8-TCP powders

After calcination at 850 °C for 3 hours, powders were ball milled during 4 h (90 g of
powder for 200 g of water) in a high-density polyethylene (HDPE) milling jar with 1 kg of
partially stabilized zirconia (Y-PSZ) grinding media (balls with 10, 15, 20 mm diameter in 25,
50 and 25 wt% proportion respectively). This milling allows to reduce the aggregate size
down to around 2 um by breaking up agglomerates formed during the calcination. The milling
step is also necessary to obtain optimal powder characteristics in order to shape them into
pellets.

The milled powders were then dried and shaped to pellets by mold casting. B-TCP
slurries were prepared with a fixed powder concentration of 65 wit% in water with a
commercial organic defloculant (Darvan C,R.t.Vanderbilt. Co.) introduced in amount 0.002
g-m2with respect to the powder surface area. After an hour of ball milling using HDPE milling
jar and Y-PSZ grinding media, slurries were poured into cylindrical plastic molds with 14 mm
diameter and 10 mm height. Pellets were dried at room temperature during 24 h before

sintering.
2.3. Sintering of doped 8-TCP pellets: conventional and microwave routes

Pellets of each powder (undoped and doped B-TCP) were sintered by MW and by

conventional heating in an electric furnace.

On one hand, conventional sintering was carried out with a ramp rate of 5 °C-min‘' to

sintering temperature (ranging from 1100 °C to 1300 °C) with a 3 h dwell time.

On the other hand, microwave sintering was performed in a cuboid resonant single-
mode cavity at 2.45 GHz (Sairem). This set-up is described by Thuault et al. [73]. The
surface temperature of the samples was read by a pyrometer (Modline® 5, Ircon). Samples
were placed into an insulating box made of alumina-silica fibres (Unifrax, Fiferfrax Duraboard
1600) and sintered by microwave hybrid heating. To do so, a silicon carbide ring susceptor
was used to initiate the radiative heating at room temperature and reach a sufficient
temperature allowing a 3-TCP dielectric loss necessary to microwave heating of the samples.
Sintering temperatures were set at 1100, 1200 and 1300 °C with a dwell time of 10 minutes.
Heating and cooling rate during MW sintering were about 100 °C-min-".

2.4. Characterisation techniques

Physico-chemical characterization of the powders

Purity of the raw material was assessed on powders calcined at 1000 °C for 15 hours
just after drying according to the standard procedure NF ISO 13779-3:2008-04. infrared
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spectroscopy (IR). The detection of HA phase was performed by powders X-ray diffraction
(XRD) with the HA (211) (26 = 31.772°) most intense diffraction peak. The presence of HA as
a secondary phase in 3-TCP can be detected down to 0.5 wt.% from XRD [6]. Concerning
the CPP phase, its most intense XRD usable peak (202) (26 = 28.9°) is only observable for
quantities greater than 4 wit%. Thus, the detection of CPP was verified by infrared
spectroscopy (IR) with its 720 cm™ and 1200 cm™' characteristic bands. Indeed, the presence
of CPP is already visible from 1 wt% with IR [2,20].

XRD patterns were recorded using a 6/26 diffractometer (Panalytical X’PERT PRO)
working with Cu Ka radiation (1.541874 A) at 45 kV and 40 mA; the measurement was
carried out in the 26 range of 10—60°, with step of 0.0066° and 78.795 seconds of acquisition
time. The crystalline phases were identified using Joint Committee on Powder Diffraction-
International Centre for Diffraction Data (JCPDS-ICDD) files. In addition, Rietveld refinement
using the Profex software [74] was used to determine lattice parameters of the different
compositions as well as for the quantification of potential other phases like HA and CPP
using their corresponding structure files. XRD measurements were also carried out on the
surface of sintered pellets to investigate the presence of a-TCP. All the diffractograms were
normalized with the most intense peak (31.027° (0210)) of the B-TCP phase fixed at 100.

Infrared spectra of powders were recorded on a Fourier transform spectrometer
(Jasco-FT/IR-460 Plus) in the 4000-400 cm~' region with a resolution of 2 cm'.

The purity and chemical composition of the synthesized powders were checked by
inductivity coupled plasma — atomic emission spectroscopy (ICP-AES, ICP-AES, Shimadzu
ICPE-9820, 125—-770 nm) using ultrapure standards (SCP Science PlasmaCAL). Standards
and samples were dissolved in ultrapure nitric acid (70 vol%) and diluted in pure water (1, 20,
30 and 50 mg/L). ICP-AES measurements allow to determine the dopant(s)/(Ca + dopant(s))

molar ratios as well as the (Ca + dopant(s))/P ratios.
Thermal stability of doped and co-doped B-TCP

In order to assess the thermal behavior of the produced powders, Differential Thermal
Analysis (DTA) and Thermogravimetric Analysis (TGA) experiments were carried out using a
LabSysEvo (Setaram) equipment on uncalcined and dried powders with sample weight about
25 mg, heating rate 10 °C-min"" from 20 to 1500 °C, air flow 40 mL-min"'. TGA gives useful
information about water loss, decomposition of by-products or other reactions. On the other
side, DTA helps to determine at which temperature the ATP is converted into B-TCP and the

B—a transition temperature.

Sintering of doped and co-doped B-TCP
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In the interest of studying the thermal stability of the different doped compositions
during densification, dilatometric analyses were carried out on casted parallelepiped shaped
pellets using a Dil-402 C (Netzsch) dilatometer. Before analyses, pellets were pre-sintered at
1000 °C for 12 h to observe the interruption of shrinkage associated with the a-TCP
formation. This pre-sintering step is necessary to eliminate the shrinkage due to the
densification of the sample. If not, the shrinkage due to the B -> a transformation cannot be
detected with the experimental device. Thermal expansion-shrinkage of these pellets was
measured in air atmosphere. Measurements were performed with a 5 °C-min™' heating rate

up to 1500 °C and 5 °C-min' cooling.
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3. Relative densities (RD) of sintered pellets were
determined by the Archimedes’ method in deionized
water at room temperature. The weighing process was
conducted on an analytical balance with a resolution of
0.1 mg. A series of 3 samples per composition and
temperature were analyzed to obtain average relative
density values. Theoretical densities were obtained by
Rietveld refinement of diffractograms obtained for each
composition (Profex). The microstructures were
observed on pellet surfaces using scanning electron
microscopy (SEM, Hitachi SU5000, BSE 15.0 kV x5.00 k)
after polishing and thermal etching. The polishing was
carried out using SiC paper discs and diamond pastes
(down to 0.5-3 ym) and the samples were put at 950 °C
for 15 min (Nabertherm N 7H 1280 °C) for the thermal
etching. Grain size measurements were carried out by
image treatment (/mage J) on 60 grains with 4
measurements by grain. The average grain sizes were
multiplied by 4/1r according the Abercrombie relation to
get the radius of a particle from any profile [75].Results

and discussions

3.1. Synthesis of undoped 8-TCP

Figure 1 shows the XRD pattern of undoped B-TCP powder (1000 °C, 15 h). The
diffractogram is the typical diffraction pattern of B-TCP with the absence of secondary phase
like HA or CPP. The infrared analysis of undoped B-TCP powder (1000 °C, 15 h) is visible on
figure 2 with the description of the main characteristic bands of B-TCP. No trace of CPP is
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found in the corresponding IR spectrum confirming the synthesis of pure undoped B-TCP.

This undoped B-TCP powder is used as a reference for studying thermal behaviour.
3.2. Synthesis of doped 6-TCP powders

As shown in figure 3, XRD patterns of Mg- and Sr-doped and co-doped B-TCP powders
are characterized by the absence of HA as well as CPP and all diffraction peaks correspond
to the B-TCP phase. Rietveld refinements indicate the presence of 100% of B-TCP without
HA or CPP. Moreover, small shift in peak positions was observed for doped samples
compared to undoped B-TCP. Figure 4 shows changes in lattice parameters for the different
compositions. Typically, a linear Vegard’s law is observed for the different cation doping [76].
A comparaison with lattice parameters obtained by other research groups is made in table 1.
The experimental data are generally consistent with those of the literature. Figure 5
represents the crystal structure of B-TCP and its different crystallographic sites to support the

discussion.

According to Enderle et al. [23], Mg?* can only replace Ca?* on Ca(4) and Ca(5) sites in
the B-TCP structure with a preference for Ca(5) sites (figure 5). This substitution of Ca?* by
Mg?* leads to a decrease in the unit cell parameters of B-TCP structure and thus to a shift of
diffraction peaks to higher 28 values. This is due to the smaller ionic radius of Mg2* (0.89 A)
compared to Ca?* (1.12 A) reducing the unit cell size [65]. Thus, the chemical bonds are
shorter with magnesium. The lattice contraction caused by the Mg?* substitution increases
the stability of the B phase and postpones the B—a transition [32].

On the other hand, the larger ionic radius of Sr2* (1.25 A) compared to Ca?* (1.12 A)
causes the opposite effect [65]. In addition, the higher the doping amount, the more marked
this effect. For the Sr?* incorporation, a discontinuity in the evolution of the c-axis parameters
is observed. This may be due to a change of incorporation site for the strontium. Indeed,
Renaudin et al. [33] suggest that strontium at doping rates less than 5 at.% would
preferentially be substituted at the Ca(4) site of B-TCP. This is also confirmed by Boanini et
al. [77] through powder fitting refinements that indicates a Sr?* substitution starting from
Ca(4) followed by Ca(3). As the overall substitution degree increases, the filling of sites Ca(1)
and Ca(2) becomes also important but the location of strontium in site Ca(5) is strongly
unfavorable due to too short Ca(5)-O distances [77]. So, the discontinuity in the evolution of
the c-axis parameters probably comes from the change of substitution site of Sr?* with the
increasing doping amount. At first strontium enters into Ca(4), causing a significant
expansion of c-axis. Further strontium substitution for calcium would lead to a filling of Ca(3)
sites to compensate the increment along the c-axis (figure 5). Finally, at higher doping rates,
Sr?* would continue to replace Ca®* and increase the lattice size.
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Finally, for the two co-dopings, the effect is like Mg-doping with a global decrease of
the unit cell parameters and a shift to higher 26 values for the diffraction peaks compared to
undoped TCP. These results are consistent with the works of Banerjee et al. [31] and
Kannan et al. [65]. Indeed, the last cited authors observed that the combined substitution of
Sr2* and Mg?* with equal concentrations in the B-TCP structure caused a reduction in the unit
cell parameters. This trend is due to the fact that the average size (1.07 A) of substituted Sr2*
(1.25 A) and Mg2* (0.89 A) ions, is lower than the size of Ca2* ion that has been substituted
(1.12 A) [65]. This decrease of ionic radius is confirmed by the decrease of lattice parameters
observed in figure 4 (c) for the co-doped compositions and it is consistent with the previous
work of Kannan et al. [65]. Concerning the substitution sites of Mg?* and Sr®* in these co-
doped compositions, Kannan et al. [65] also clearly show that Mg?* preferably occupies the
Ca(5) site of B-TCP while Sr?* is easily accommodated at the Ca(4) site. So, the co-
substitution of Sr>* and Mg?* is complementary in terms of substitution site leading to a
significant reduction of the lattice size. Moreover, the incorporation of Mg®* seems to play a
major role in the lattice size reduction compared to Sr?* [65]. That could explain the
differences in the lattice parameters evolution between the Sr?* (figure 4 (b)) and the co-
doping (figure 4 (c)).

The IR analyses of doped and co-doped compositions are shown in figure 6. In the
same way as the undoped B-TCP, all the infrared bands correspond to B-TCP with the visible
absence of CPP characteristic bands (720 and 1200 cm™). Thus, based on XRD and IR
results, this synthesis process allows to obtain doped B-TCP powders without any secondary

phase.

The ICP-AES results are shown in table 2. The dopant(s)/(Ca + dopant(s)) molar ratios
show little differences with respect to the nominal ones, probably due to the purity of the
starting reagents or weighing errors. These ratios are slightly smaller than the nominal ones
except in three compositions (2.25 mol% and the 4.50 mol% Mg-TCP as well as in the 2.00
mol% co-doping) where the ratios are slightly higher. Similarly, (Ca + Mg)/P atomic ratios are
slightly larger than the stoichiometric 1.5 value for all the compositions probably due also to
the purity of the raw materials or weighing errors. Le Gars Santoni et al. [78] showed that the
purity of the final TCP powder is highly influenced by the purity of the raw materials by testing
raw materials with varying purity. Therefore, the purity of the (NH4):HPO, and
Ca(NOs)2.4H>0O powders could be improved to limit these differences between the nominal

and the measured atomic ratios.

The shift of the XRD peaks and the changes in lattice parameters as well as the
consistent ICP results confirm that the dopants have entered the B-TCP structure as
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predicted. Therefore, eight different compositions of pure doped and co-doped B-TCP

powders are available for further treatments and comparisons with undoped B-TCP.

3.3. Thermal stability study of undoped and doped B-TCP

The thermal stabilization capacity of different amounts of dopant was investigated by
thermal analysis. TGA and DTA curves of the undoped B-TCP powder are represented in
figure 7. The first weight loss of around 2% between 50 and 150 °C is due to residual water
evaporation. Between 165 and 500 °C, the highest weight loss (about 15%) takes place and
is associated with synthesis residues like ammonium nitrates or ammonia. Then, there is a
continuous weight loss up to around 750 °C corresponding to the condensation of
hydrogenophosphate ions before the decomposition of the ATP as explained by Destainville
et al. [2] based on the works of Mortier et al. [79]. At 750 °C, the transformation of apatitic
species into B-TCP takes place with a slight weight loss (about 1%) and an endothermic
peak. At higher temperatures, two endothermic peaks are visible: a weak signal around 1220
°C and a strong and sharp peak around 1460 °C. The first one can be attributed to the B-
TCP—a-TCP transition while the second one is associated with the a-TCP—a’-TCP transition
[2,14,80]. o’-TCP is the high temperature phase stable above 1460 °C.

DTA curves of doped and co-doped B-TCP powders are shown in figure 8. A
decrease in the formation temperature of B-TCP from the ATP is observed for the
magnesium incorporation. Indeed, this transformation occurs at nearly 715 °C (4.50 and 9.00
mol% Mg?*) and 735 °C (2.25 mol% Mg?*) instead of 750 °C for undoped B-TCP. Thus, it is
clear that the magnesium incorporation has an effect on the formation of 3-TCP. This result
is consistent with the work of Cacciotti et al. [80] who showed that the presence of
magnesium in the calcium phosphate lattice alters the formation of B-TCP from apatite
species to slightly lower temperatures. Indeed, the lattice contraction caused by the Mg?*
substitution tends to accelerate this multistep reaction leading to an enlargement of the -
TCP stability zone. A small peak around 1280 °C with a strong endothermic effect is visible in
some DTA curves (4.50 and 9.00 mol% Mg?* as well in the 4.00 mol% co-doping (figure 8 (a)
and (b)). This peak is associated with the appearance of a liquid phase within the TCP - CPP
system caused by the fusion of CPP [2]. CPP can be detected with DTA curves in CaP
powders containing more than 0.5 wt% of CPP [2]. Therefore, small amounts of CPP can be
present in some powders despite the absence of its characteristic bands in IR spectra where
the detection limit is 1 wt% (figure 6).

The effect of strontium substitution on the phase stabilization is less pronounced. No
significative change is observed in the B-TCP formation temperature. However, a slight
increase of the phase transition temperature is observed for 4.50 mol% of Sr?* and rises a bit
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with 9.00 mol% (1260 °C and 1270 °C, respectively). So, the strontium substitution allows a
slight stabilization of the B-TCP even if it induces an increase of the unit cell parameters due
to a higher ionic radius (figure 4). Moreover, this stabilization is enhanced with the increasing
amount of Sr?* incorporated. This is coherent with results showed by Renaudin et al. [33]
where the insertion of Sr?* in the B-TCP structure has clearly a stabilising effect and improves
the geometrical shape of the different cation sites. As explained by the authors, Sr?* cations
are preferentially inserted in the Ca(4) site of the B-TCP structure (figure 5). In the undoped
structure, this site presents a deficiency in the bond valence with three shorter and three
larger Ca-O bonds. However, the insertion of strontium in the Ca(4) site modifies its
coordination polyhedron leading to six neighboring oxygen atoms with quite equivalent (Ca,
Sr)-O bond distances. By consequence, even if the lattice is extended by a Sr>* doping as
seen in the XRD results (figures 3 and 4), it has a beneficial effect on the bonding forces with
oxygen within this lattice leading to a stabilizing effect on the B-TCP structure [33].

3.4. Conventional and microwave sintering of doped 8-TCP pellets

Dilatometric results of casted pellets for the different compositions are presented in
figure 9. Dilatometric curves clearly show different thermal behaviours for all compositions.
Undoped B-TCP exhibits a shrinkage of only 2% until the densification is stopped by the
volumetric expansion associated to the —a transition. Indeed, some authors like Frasnelli et
al. [14] and Descamps et al. [20] showed that the volumetric expansion associated to the
B—a transition is visible in dilatometric curves because the densification is suddenly stopped
when dilatation occurs. The corresponding phase transition temperature of each composition
was thus estimated from these dilatometric curves. These temperatures can be used to
classify the stabilization potential of each doping and their ability to postpone the phase

transition.

Concerning the doped compositions, a maximum of shrinkage (about 13%) is
reached for the 4.50 mol% Mg-TCP while the 9.00 mol% Mg-TCP is already fully dense (99%
RD) after the pre-heating treatment at 1000 °C for 12 hours. It is confirmed that the sudden
interruption of shrinkage associated with the a-TCP formation is postponed for doped and co-
doped compositions compared to undoped B-TCP. Only the 2.25 mol% strontium doping
does not allow a postponement of this phenomenon. These results confirm the stabilization
of the B-TCP phase by the incorporation of both magnesium and strontium in the same way
as the previous works by Frasnelli et al. [14] and Cacciotti et al. [80]. Volumetric expansion in
Mg-TCP appears at temperatures higher than 1350 °C for 2.25 mol% of Mg?* while it takes
place at around 1200 °C for 2.25 mol% of Sr®*. Thus, it is clear that magnesium has a
stronger effect than strontium on the stabilization of the B phase for a same doping rate. This
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is consistent with the assumption made by Tarafder et al. [32] about the phase stability
probably caused by the presence of magnesium in co-doped Sr-Mg-TCP. This observed
Mg?* stabilization is also consistent with the DTA results and the reduction of lattice

parameters.

Consequently, it is possible to compare the stabilization potential of the different
dopants obtained by dilatometric and DTA experiments. The B—a transition temperatures
observed with dilatometric and DTA experiments for the different doped powders are
compared in table 3. The main tendencies are observed for both measurements and
associated B—a transition temperatures are quite similar for each composition. The higher
stabilization effect of magnesium compared to strontium is clearly observed for same doping
rates with the two methods. Moreover, the enhancement of the B phase stabilization with the
increase of dopants amount is also clearly visible, as predicted in the literature [14,23,31]. A
doping with 2.25 mol% of strontium is not sufficient for a thermal stabilization regarding its
behaviour close to undoped TCP. Concerning the two co-doped compositions, the 4.00
mol% co-doping allows a higher B—a transition temperature compare to the 2.00 mol% co-
doping in the same way as magnesium and strontium doping tendencies. These values are
compared with the literature and previous work about Mg?* doping of Frasnelli et al. [14] and
Enderle et al. [23] (table 3). In the work of Frasnelli et al. [14], f—a transition temperatures
were measured with DTA (10°C/min) in a similar maneer to this study. On the other hand,
Enderle et al. [23] used DTA with undoped and 2.00 mol% of Mg?* (5°C/min) while 4.00 and
8.00 mol% were measured with XRD. For this reason, temperature values can slightly differ
from the DTA values in this paper. Nevertheless, B—a transition temperatures obtained in
this work are quite consistent with the literature values. Concerning Sr?* doping, no data are
available in the literature as its influence on the B-TCP thermal stability had not been
evaluated yet.

XRD patterns of conventionally and microwave sintered undoped B-TCP pellets are
presented in figure 10. For both sintering methods, a-TCP clearly appears from 1200 °C and
it is still more present at 1300 °C while B-TCP is the only phase present at 1100 °C. This is
consistent with the literature and the usual phase transition temperature of B-TCP (between
1120 and 1200°C without dopant).

XRD patterns of doped and co-doped powders are presented in figure 11 for
conventional ((a) and (c)) and microwave sintering ((b) and (d)) at 1200 and 1300 °C. It
appears that the phase stabilization of the B phase by the dopants is achieved up to 1300 °C
for all compositions and for both sintering techniques except for the 2.25 mol% Sr-TCP, as
expecting from the thermal analyses. Indeed, no characteristic peaks of a-TCP are visible in
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all concerned XRD patterns. Like doped powders, the two co-doped powders exhibit the
same behaviour at high temperatures with an absence of a-TCP and so, a stabilization of the
B phase in these conditions. These observations are consistent with the DTA curves and
dilatometric results showing that these compositions present postponed transition
temperatures (figure 8 and figure 9).

Relative densities of conventionally and microwave sintered pellets are compared in
terms of sintering temperature and doping amount in figure 12. A clear decrease of density
can be observed with the two sintering methods from 1200 °C for some compositions: the
undoped B-TCP, the 2.25 mol% Sr-TCP and the 4.50 mol% Mg-TCP. Comparing with the
XRD analyses, the decrease of density for the undoped TCP and for the 2.25 mol% Sr-TCP
can be attributed to the B—a phase transition. Indeed, a-TCP was found only in these
compositions for a sintering at 1300 °C. On the other hand, there is no trace of a-TCP in the
diffractograms of 4.50 mol% Mg-TCP. Thus, the B-TCP phase transition does not seem to be
the cause of this density drop. This might come from the presence of CPP visible in DTA
curves in this composition (around 1280 °C in figure 8). Indeed, according to Descamps et al.
[20] the pyrophosphate phase has a harmful effect on the TCP sinterability. Moreover, the
same inconsistency was observed by Ryu et al. [15] in Ca:P-0O7-doped TCP samples. CPP
undergoes a phase transition from the B—a phase around 1220 °C followed by the fusion of
the a- Ca:P-0O7 around 1280 °C [2]. These two phenomena take place in the range in which
the decrease of density is observed and can possibly confirm the unfavourable presence of
CaxP20y7 on the densification. Nevertheless, higher densities close to 100% can be achieved
with the other compositions compared to the undoped B-TCP. Moreover, these relatively high
densities remain rather constant even at 1300 °C and all values are quite similar between
conventional and microwave sintering. Thus, Mg?* and Sr?* doping can help to sinter B-TCP
at higher temperature than the usual phase transition limit without any decrease of density
due to this B—a transition.

Microstructures obtained by conventional and microwave sintering are compared in
figure 13 and in table 4 with the corresponding average grain sizes. A complete microwave
sintering with a dwell time of 10 minutes at 1200 °C can be carried out in 40 minutes
compared to a conventional sintering (1200 °C, 3 h) of around 10 hours. The reduction of the
grain size with microwave sintering is clearly visible in the SEM pictures (figure 13) and table
4. Indeed, grain sizes are smaller with microwave sintering for all compositions and it is even
halved for the undoped B-TCP compared to conventional sintering. In addition to the
reduction of grain size, the microwave sintering also allows a more homogenous grain size

distribution regarding the smaller standard deviation compared to conventional sintering
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(table 4). Finally, the benefit of the dopants on the grain size is mostly visible with
conventional sintering where the grain growth is limited compared to undoped B-TCP.

The microstructures in figure 13 confirm the relative densities shown in figure 12.
Indeed, the 9.00 mol% Mg-TCP possesses the highest densities in both conventional and
microwave sintering (98 + 1% and 99 + 1% respectively). It is confirmed in the SEM pictures
where a clear decrease of the porosity and an enhancement of the densification are
observed with the presence of magnesium in the 9.00 mol% Mg-TCP as well in the 2.00
mol% co-doping. The latter is slightly less dense than 9.00 mol% Mg-TCP (97 £ 1% in
conventional and 98 = 1% in microwave) while the undoped B-TCP has relative densities of
94 + 1% and 96 + 1% in conventional and microwave sintering, respectively. Finally, the 9.00
mol% Sr-TCP has the lowest densities among the four analysed compositions (91 £ 1% in
conventional and 92 + 1% in microwave). Its low densification is confirmed in figure 13. The
incorporation of 9.00 mol% of Sr?* seems to lead to a slowdown in densification until 1100 °C
compared to undoped and 9.00 mol% Mg-TCP. Indeed, the presence of numerous large
pores in the microstructure and the lower relative densities at 1100 °C after both
conventional and microwave sintering confirm this hypothesis. Moreover, the relative
densities of the pre-sintered pellets before dilatometry analyses corroborate this slower
densification for Sr-TCP. A relative density of 84% was obtained for 9.00 mol% Sr-TCP
instead of 85% and 99% for undoped and 9.00 mol% of Mg?*, respectively. However, the Sr-
TCP densification seems to be accelerated with the increase of the sintering temperature to
1200 °C to reach almost 100% (figure 12). The 2.00 mol% co-doping seems an interesting
option with the compromise between an improved densification and a residual porosity useful
for tissue reconstruction. This combination of both strontium and magnesium is very
promising for bone substitutes from a mechanical and biological point of view as showed by
Bose et al. [9,31,32,64].

4. Conclusion

Eight different compositions of doped B-TCP with magnesium and strontium were
successfully synthesized by aqueous precipitation route to increase the thermal stability of
the B phase. The powders were fully characterized in terms of composition and thermal
behaviour. Infrared spectroscopy, X-ray diffraction, thermal analyses, ICP-AES as well as
Rietveld refinements allowed to assess the composition of the produced powders and
evaluate the dopants substitution inside the B-TCP structure. A classification of the thermal
stabilization potential of the doping was also possible with the strong complementarity of
dilatometric and DTA experiments. Indeed, these results highlight the effects of Mg?* and
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Sr2* dopings on the thermal stability of B-TCP. It has been shown that in all doped
compositions, except the 2.25 mol% Sr-TCP, the thermal stability of B-TCP is increased by
postponing the B—a transition to higher temperatures. It has also been confirmed that
magnesium has a stronger effect than strontium on the stabilization of the B phase for a
same doping amount. XRD analyses of sintered pellets showed that the phase stabilization
of the B phase by the dopants until 1300 °C is achieved for all compositions except for the
2.25 mol% Sr-TCP with conventional and microwave sintering. Higher densities close to
100% were achieved with the incorporation of dopants compared to the undoped B-TCP.
Similar sintered densities can be obtained with conventional and microwave sintering.
However, the thermal process duration is almost sixteen times shorter for microwave
sintering allowing a rapid densification without the inconvenient of the B—a transition when
dopants are added into the B-TCP structure. The reduction of the grain sizes as well as the
more homogenous grain size distributions obtained with microwave sintering are also
interesting. Thus, coupling the doping of B-TCP with an alternative sintering method like
microwave sintering can be a strong tool to quickly produce dense and stable B-TCP parts.
Finally, the use of Sr?* and Mg?* co-doped B-TCP could be very promising for biomedical
applications due to the important role of these two cations in biological processes [65].
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Conventional sintering, 3h
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1100°C, 3h (Conv.) 1100°C, 10 min (MW)
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a-axis (nm)

c-axis (nm)

Powders Experimental | Literature Experimental | Literature
Undoped 1.043 1.044 [1], [2] and [3] 3.741 3.739 [1], [2] and [3]
2.25% Mg 1.041 2.00% Mg: 1.041 17 3.738 3.736 1]
4.50% Mg 1.038 4.00% Mg: 1.039 21 3.730 4.00% Mg: 3.731 2
9.00% Mg 1.034 8.00% Mg: 1.035 21 3.716 8.00% Mg: 3.717 [2]
2.25% Sr 1.044 2.00% Sr: 1.044 [3] 3.746 2.00% Sr: 3.739 [3]
4.50% Sr 1.045 5.00% Sr: 1.045 [3] 3.741 5.00% Sr: 3.739 3]
9.00% Sr 1.046 10.00% Sr: 1.046 [3] 3.748 10.00% Sr: 3.742 [3]
2.00-2.00% Mg-Sr 1.040 1.042 4] 3.733 3.737 14
4.00-4.00% Mg-Sr 1.041 1.041 4] 3.732 3.732 g



Nominal

Powdors  OopaniCodmons) 7 0OPICordopn) i Conepon( e Cordpant
(percentage)
Undoped / / 1.50 1.56
2.25% Mg?* 2.25 243 150 157
4.50% Mg?* 4.50 4.65 1.50 1.55
9.00% Mg 9.00 8.34 1.50 155
2.25% Sr2* 2.25 2.07 150 1.56
4.50% Sr2* 4.50 4.00 1.50 155
9.00% Sr2* 9.00 8.52 1.50 158
2.00-2.00% Mg-Sr 2.00 per each dopant Mg : 2.80/ Sr : 2.00 1.50 1.57

4.00-4.00% Mg-Sr 4.00 per each dopant Mg :3.93/5r:3.66 1.50 1.58




Powders Dilatometry : B—a (T°C) DTA: B—a (T°C) Frasnelli et al. 2016 (T°C) Enderle et al. 2005 (T°C)
Undoped ~ 1215 ~1220 1225 1150 + 25°C

2.25% Mg?* ~ 1365 ~1360 For 2.00% Mg?*: 1332 For 2.00% Mg?*: 1290 + 25
4.50% Mg2* ~ 1460 ~1455 For 4.60% Mg?*: 1474  For 4.00% Mg2*: 1460* + 20
9.00% Mg?* ~ 1465 Not detected Not detected For 8.00% Mg2* : 1540* + 20
2.25% Sr2* ~ 1200 ~1210 / /

4.50% Srz* ~ 1265 ~ 1260 / /

9.00% Sr2+ ~ 1280 ~1270 / /

2.00-2.00% Mg-Sr ~1380 ~1395 / /

4.00-4.00% Mg-Sr ~ 1445 ~1445 / /




Grain size (um)

Powders
1100°C, 3h (Conv.) 1100°C, 10 min (MW)
Undoped 2.87 +1.68 1.12+0.33
9.00% Mg 1.16 £ 0.50 1.02 £ 0.46
9.00% Sr2* 2.16 +0.87 1.84 + 0.61
2.00-2.00% Mg-Sr 1.64 + 0.81 1.12+0.38
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